We examined the ability of small interfering RNAs (siRNAs) to disrupt infection by coxsackievirus B3 (CVB3). The incorporation of siRNAs dramatically decreased cell death in permissive HeLa cells in parallel with a reduction in viral replication. Three of four siRNAs had potent anti-CVB3 activity. The present study thus demonstrates that the antiviral effect is due to the downregulation of viral replication. In addition, an effective CVB3-specific siRNA had similar antiviral effects in other related enteroviruses possessing sequence homology in the targeted region. Because the CVB3-specific siRNA is effective against other enteroviruses, siRNAs have potential for a universal antienterovirus strategy.
Coxsackievirus B3 (CVB3) is a major causative agent of many human diseases, such as meningioencephalitis and myocarditis (16-18, 20, 21) . CVB3 is a member of the Picornaviridae family and consists of a positive single-stranded RNA genome coated with capsid proteins, including VP1-4 ( Fig. 1A ) (23) . Previous studies by our group and others have implied that CVB3 infection causes productive virus replication, which results in cell death in both permissive and target cells (1, 2, 9) , a process closely associated with CVB3-related human illness (6, 27, 28) . Thus, directly blocking viral replication may be an effective strategy for treating the clinical symptoms of CVB3 infection.
RNA interference (RNAi) has emerged as a selective genesilencing technique for inducing sequence-specific degradation of homologous RNA (8, 10) . Posttranscriptional downregulation of gene expression is achieved by a small interfering RNA (siRNA), a 21-to 26-nucleotide RNA duplex (3, 7) . Recent studies have reported that RNAi is effective against diverse viruses, such as human immunodeficiency virus and hepatitis C virus (4, 24, 30) . To investigate the antiviral potential of RNAi for CVB3 infection, we analyzed the effects of siRNAs specific to various regions of CVB3w (CVB3 woodruff strain) on permissive HeLa cells (Fig. 1A) .
Using oligofectamine reagent (Invitrogen, Carlsbad, CA), we transfected the cells with synthetic siRNAs tagged at their 3Ј end with tetramethylrhodamine (TAM). We began to detect a fluorescent signal in the cytoplasm within a few hours after addition of siRNA polymerase (POL). Then, the signal reached a plateau 8 to 12 h after transfection (Fig. 1B, TAM) . More than 90% of the cells expressed the fluorescence, indicating effective siRNA transport. Infection with CVB3w-green fluorescent protein (GFP) led to a bright green color upon viral replication but in many fewer cells (Fig. 1B , GFP) than with infected cells without siRNA (Fig. 2, virus only) . In addition to the CVB3 woodruff genome, CVB3w-GFP encoded GFP directly after the 5Ј untranslated region (UTR), followed by a viral protease recognition sequence (Fig. 1A) . These results indicate that the siRNA significantly decreased the GFP signal (Fig. 1B, merge) . Later we incubated the cells with 100 nM siRNA for 12 h prior to virus infection for all following experiments.
We first investigated the effect of siRNA on viral cytotoxicity. CVB3w-GFP infection was cytopathic within 12 h postinfection, as indicated by rounding up of the cells and by the presence of heavily condensed Hoechst 33342-stained nuclei (Fig. 2, virus only) . Preincubation of the cells with siRNAs, except VP1-b and unmatched control siRNA, dramatically reduced the cytopathic effects (Fig. 2) .
The pattern of GFP expression in Fig. 2 (middle column) suggests that a decrease in viral replication occurred in the presence of the siRNAs. We quantified the influence of different siRNAs on viral replication by analyzing the production of VP1 protein, progeny virus, and viral genome. For real-time reverse transcription-PCR of the viral genome, viral cDNA was synthesized using Superscript III reverse transcriptase (Invitrogen). Then PCR was performed with the TaqMan PCR master mix (Applied Biosystems, Foster City, CA). Figure 3 shows that the siRNAs lowered the chances of productive infection occurring. VP1 was detected only in the absence of siRNA or in the presence of control or VP1-b siRNAs. A significant reduction of progeny virus production and genome amplification was consistently observed following pretreatment with VP1-a, VP1-c, or POL. A combination of siRNAs did not further downregulate virus or genome production. Together, these findings suggest that CVB3-specific siRNA efficiently protects the HeLa cells from viral challenge by inhibiting viral replication.
CVB1-6 belongs to the enterovirus genus, which includes coxsackievirus A and echovirus (Echo) (29) . To examine the possibility of using CVB3-specific siRNA for other related enteroviruses, we challenged HeLa cells with various viruses, including the CVB3 Nancy strain (CVB3n), after POL siRNA treatment (Fig. 4) . We found that CVB3w-targeting siRNA had anticytopathic effects against CVB1, CVB5, CVB6, coxsackievirus A9, and Echo6, similar to that of CVB3w-GFP. In contrast, protective effects were not observed in CVB2, CVB4, Echo7, or even CVB3n. A comparison of the siRNA target sequence reveals that there were mismatches at several positions that had differential effects on the antiviral potency. A switch from C to T at position 17 seemed to be crucial in this regard. This was confirmed by the finding that a POL siRNA with a C-to-T switch (POL-T) exhibited anticytotoxicity opposite to that of the POL siRNA. Collectively, our results demonstrate that (i) preincubation of HeLa cells with CVB3-specific siRNA prior to infection blocks viral replication and results in a potent antiviral effect; (ii) the interfering effect can vary among siRNAs even if they are perfectly homologous to the target sequence; (iii) combinations of siRNAs do not enhance antiviral potency; and (iv) CVB3-specific siRNA has antiviral effects in other related enteroviruses, depending on the homology of the target sequence. We found that the VP1-b siRNA had nearly no antiviral activity even though the sequence was 100% homologous with the target in CVB3w, whereas the POL siRNA was anticytopathic in other enteroviruses despite the presence of some mismatches. The siRNAs were designed to satisfy properties critical for siRNA functionality (http://www.ambion.com and http://www.oligoengine.com). This means that the ineffectiveness of VP1-b siRNA is not due to improper design (14, 19) or inaccessibility to the target sequence by a stem-loop structure (http://www.bioinfo.rpi.edu/applications/mfold) (31) . Thus, VP1-b might have no interfering ability due to other reasons; for example, the inaccessibility of the target site by the binding of RNA-binding protein (7, 25) . This also could be due to the unavailability of siRNA to RNA-inducing silencing complex, based on thermodynamic differences (26) .
In agreement with reports for other related picornaviruses (5, 11, 13), our study demonstrates that the ability of the CVB3-specific siRNA to inhibit viral replication directly correlated with its antiviral potency. Additionally, a combination of siRNAs had no additive antiviral effect, similar to the results with other picornaviruses (11, 13) . Lack of an additive effect might originate from their genome feature, a multicistronic single-stranded RNA genome. Nevertheless, combined treatment might prolong the antiviral effect because it could reduce neutralization by the emergence of siRNA escape mutants. There has been several reports demonstrating that productive CVB3 infection causes diverse human illnesses following substantial losses in functional primary target cells (6, 12, 22) . In conclusion, the present study strongly supports the idea that siRNA has an excellent potential for a novel antiviral therapeutic strategy.
The results suggest that siRNAs designed for CVB3 could also have similar antiviral effects in closely related enteroviruses as long as they encode proper target sequences. Thus, a universal and efficient antiviral siRNA against closely related enteroviruses could be generated by careful design and subsequent screening for antiviral characteristics. Maintenance of functional siRNAs in a proper cellular location is a necessary prerequisite. However, synthetic siRNAs are transiently retained, mainly due to constant degradation by lysosomes and cell division (7, 15) . We are currently investigating the possibility of overcoming this limitation by an optimal expression of short hairpin siRNA using various gene transfer vehicles. were challenged with a variety of enteroviruses and examined for cytotoxicity through methyl thiazolyl tetrazolium assay. The POL siRNA sequence was compared with the corresponding sequences of other viruses. The results show that the cytotoxicity of some of the enteroviruses was prevented by preincubation with POL siRNA. In addition, it appeared that C or T at position 17 of the target is closely related to the antiviral effect by POL or POL-T siRNA. CVB3n, CVB3 Nancy strain; ϩ, greater than 80% increase in cell viability compared to that without siRNA; Ϫ, less than 20% increase in viability. 
